The micro scaled fatigue tests have been conducted using the micro cantilever-shaped specimens to investigate the effects of scale and grain orientation on the fatigue properties of magnesium alloy AZ31. The micro cantilevers were fabricated from a single crystal by the focused ion beam (FIB) milling. The grain orientations were analyzed by an electron backscatter diffraction (EBSD) method. The micro cantilever exhibited the higher fatigue strength than the bulk material but the scatter was large. The cantilever fabricated from a crystal whose Schmid factor in basal slip plane was high exhibited the low fatigue strength, and on the surface after the fatigue test, the slip lines were observed parallel to the basal slip plane. On the other hand, the cantilever with low Schmid factor in basal slip plane exhibited the high fatigue strength and the slip lines on the surface were bended, which indicates that the slips and twins in the plural planes were active.
Introduction
The magnesium (Mg) has the hexagonal close-packed (HCP) crystal structure and exhibits the strong anisotropic plasticity. The mechanical behaviors of Mg alloy depend on the grain orientation to the direction of external loading. The micro scaled mechanical tests have been conducted using the micropillar-shaped specimens fabricated from a single crystal of Mg alloy by the focused ion beam (FIB) milling to investigate the effect of grain orientation on the static strength and the deformation behavior (Byer et al., 2010 , Lilleodden et al., 2010 . However the fatigue behaviors of Mg single crystal and the effect of grain orientation on the fatigue behaviors were not studied.
The present authors have constructed the fatigue testing system using the piezo actuator and the high resolution microscope to conduct the micro sized fatigue test of micro cantilever-shaped specimen and have investigated the scale effect on the fatigue properties of Mg alloy AZ31 (Mizuno et al., 2013) . In this study, the effect of grain orientation on the fatigue behavior was investigated using the electron backscatter diffraction (EBSD) analysis.
Experimental procedures

Material and specimen
The material used in this study was the Mg alloy AZ31. It is denoted as material A. The average grain size of material A was 29 m. As mentioned below, the height of a specimen fabricated in this study was 40 m, which was larger than the average grain size. To fabricate a specimen from a single crystal, the material with coarse grains, which was obtained by annealing after severe plastic deformation using friction stir process (FSP), was prepared. It is denoted as material B. The average grain size of material B was 590 m. Table 1 shows the mechanical properties and Fig. 1 shows the microstructures of the materials.
The cubic bulk blocks with each side of 1 cm were cut from the materials. Specimens were fabricated in the block using the focused ion beam (FIB) process. Fig. 2 shows the schematic configuration of the specimen fabrication using the FIB process. In the FIB process, positive gallium ions (G + ) are sputtered to the object for milling. The specimens were micro cantilever-shaped with the rectangular cross section. They were fabricated in a side of the cubic bulk block so that they were easily pushed perpendicularly to the side surface of the block. The micro cantilever specimen has the dimensions of 8 m in width, 3 m in thickness and 40 m in height. The average grain size of material A was 29 m, and so in a specimen fabricated in material A, in average, one grain was included in the width and the thickness directions, and 2 or 3 grains were included in the height direction. On the other hand, a specimen fabricated in material B with the average grain size of 590 m was in a single crystal. For the precise evaluation of stress, the notched specimens were utilized. The notch was set at the distance of 30 m from the top end of the cantilever. In a flat specimen, the stress is the maximum at the bottom of cantilever where the FIB process is inaccurate and the evaluation of stress might be imprecise. In a notched specimen, the maximum stress occurs at the notched area where the accurate FIB process is available and the evaluation of stress is precise. Using the fundamental formulae of cantilever, the maximum stress in each type of specimen is calculated as follows:
where E is the elastic modulus (45 GPa), h is the thickness (3 m), L is the length (40 m), which is the distance from the loaded point to the bottom, and d is the displacement at the loaded point in equation (1) and P is the load, l is the distance from the loaded point to the notch (30 m) and Z is the section modulus at the notch in equation (2). The flat specimens were fabricated in material A and the notched specimens were fabricated in material B. The grain orientations of the material B were analyzed by the EBSD method before the fabrication of notched specimens to investigate the effect of grain orientation on the fatigue behavior. Fig. 3 shows the examples of the scanning electron microscope (SEM) micrographs showing the micro cantilevers. As shown in the figure, the micro cantilevers were successfully fabricated with the precise dimension of the micro-order by the FIB process. Fig. 4 shows the schematic illustration of fatigue testing apparatus for the micro cantilever. The cubic bulk block which had the micro cantilever was set on the xyz stage. To evaluate the stress in a notched specimen, the load measurement is required. So when the notched cantilever was tested, the block was set to the load cell whose capacity was 50 mN and the load cell was set on the xyz stage. The specimen was loaded at the side surface of top end by the glass probe with the end tip radius of approximately 3.5 m. The glass probe was attached to the piezo actuator to be controlled by the very small displacement. For controlling the displacement, the signal voltage was input to the piezo actuator where the input voltage was converted into the displacement so that the fatigue test was displacement-controlled. During the fatigue test, the specimen was observed by the high resolution digital microscope which was set above the specimen. The displacement of the cantilever was measured by the microscopy observation. The fatigue test conditions were set to be the load sinusoidal frequency f = 15 Hz and the stress ratio R = 0 in the laboratory room atmosphere. Fig. 5 shows the S-N profiles. For comparison, the S-N profiles of the bulk material are plotted with that of the micro cantilever specimens. The applied stress of the micro cantilever is calculated using equation (1) for a flat specimen and equation (2) for a notched specimen. The S-N data of the bulk material were obtained by the plane bending fatigue tests performed at the stress ratio R = -1. The equivalent stress amplitude of bulk material at R = 0, eq , was calculated using the modified Goodman's equation as follows: fatigue strength than the bulk material. On the other hand, the scatter was large in the S-N data of the micro cantilevers compared with that in the bulk material.
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Effect of grain orientation on fatigue behavior
In the grain of Mg, the critical resolved shear stress (CRSS) is low in the slip on basal (0, 0, 0, 1) plane and the twin on (1, 0, -1, 2) plane. Before the fatigue tests of specimens (a) and (b) in Fig. 5 , which were the notched specimens fabricated in material B, the grain orientations were analyzed by the EBSD method. The Schmid factors to the external loading and the angles in which each slip and twin plane crosses the specimen surface are calculated and shown in Tables 2 and 3 . In the tables, the angle is expressed in the counterclockwise direction from the right direction of horizontal line. The maximum values of Schmid factor are 0.440 and 0.415 in specimen (a) and (b), respectively. The difference of the maximum Schmid factors between specimen (a) and (b) is not so large. However, the planes where the Schmid factor becomes the maximum are different: It is the basal slip plane in specimen (a) and it is the twin plane in specimen (b). The maximum Schmid factor in the basal plane of specimen (b) is 0.372, which is lower than that of specimen (a) . The maximum Schmid factor in the twin plane of specimen (a) is 0.156 which is much lower than the Schmid factor of slip plane of specimen (a) and that of twin plane of specimen (b). From Fig. 5 , the fatigue strength of specimen (a) was lower than the average and that of specimen (b) was higher. It is considered that the difference of fatigue strength between specimen (a) and (b) is attributed to the Schmid factor in the basal slip plane. The fatigue tests of specimen (a) and (b) were interrupted and the surfaces of specimens were observed by the SEM. Fig. 6 shows the appearances of the surfaces. The slip lines were observed in the both specimens. The lines in specimen (a) (Fig. 5(a) ) were nearly parallel to the angle of basal slip and twin planes as shown in Table 2 . The lines in specimen (b) (Fig. 5(b) ) were bended, which indicates that the plural slip and twin planes besides the basal slip plane were active in specimen (b).
Conclusion
In this study, the fatigue tests using the micro cantilever specimens of Mg alloy AZ31 fabricated by the FIB process were conducted and the effects of scale and grain orientation were investigated. The micro cantilever exhibited the higher fatigue strength than the bulk material but the scatter was large. The cantilever which had the high Schmid factor in the basal plane exhibited the comparatively lower fatigue strength. On the other hand, the cantilever which had the high Schmid factor in the twin plane but the lower Schmid factor in the basal plane exhibited the higher fatigue strength.
